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The glomerular tuft is a complex network of tortuous anas-
tomosing capillaries supported by an axial mesangial stalk and
invested with a tough basement membrane "sack," which is
itself surrounded by a layer of visceral epithelial cells. Under
normal conditions, the complex architecture of the capillary tuft
is maintained despite a high transmural hydrostatic pressure
gradient which should favor capillary expansion. Some of the
mechanical details of the way in which mesangium and GBM
function as an integrated unit to resist capillary expansion have
recently been examined [1—3].
Briefly, mechanical stability of the tuft in the face of the
above-mentioned expansionary forces is accomplished through
the generation of inwardly-directed counterforces via basement
membrane tension. An outwardly-directed hydrostatic pressure
gradient occurs not only across the peripheral walls of the
capillaries. Since there is no effective hydrostatic pressure
barrier between the capillary lumen and the mesangium, hydro-
static pressures within the rnesangial compartment probably
approximate those in the capillary lumen, leading to outwardly-
directed forces on the basement membrane in the mesangial
region as well. Hence, inward counterforces must be developed
which act on the GBM to bind both the capillaries and the
mesangium.
Such counterforces are developed differently in the pericap-
illary and perimesangial portions of the glomerular basement
membrane. In the pericapillary part, an inwardly-directed com-
ponent of the force develop as a result of basement membrane
tension which exists in those areas with a positive membrane
surface curvature. The forces generated by basement mem-
brane tension ultimately derive from mesangial cell contractile
forces applied to the pericapillary GBM at the edges of the
capillary-mesangial interface (mesangial angles). In contrast to
the pericapillary GBM, the GBM abutting the mesangial region
is stabilized by the direct centripetal pull of numerous mesan-
gial cell processes, which are either themselves attached to the
basement membrane or connected to it via extracellular mi-
crofibrils. Since mesangial cell processes span the mesangial
region, connecting opposing segments of the GBM, these
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actions prevent expansion of the mesangium and the peripheral
capillaries.
The high intramesangial hydrostatic pressure underlies a
large hydrostatic pressure gradient across the perimesangial
GBM—approximately the same magnitude as that across the
peripheral capillary wall. This would lead to a large volume of
plasma fluid passing from the capillaries through the mesan-
gium, were it not for the fact that those serum proteins which do
enter the mesangium are "trapped" and concentrated there,
leading to a state of virtual filtration pressure equilibrium across
the perimesangial GBM and thus minimal transmesangial filtra-
tion.
The pathologic consequences of a mechanical failure in this
supporting system have in general not been systematically
addressed. Morita and Churg [4] have discussed the closely
related phenomenon of mesangiolysis, which could be consid-
ered as an extreme form of mesangial failure, in which dissolu-
tion of the mesangial matrix is accompanied by severe mesan-
gial cell injury, including cell necrosis. In this paper, however,
we use the term mesangial failure to designate significant
impairment of the ability of the mesangial cell-GBM system to
limit local or global tuft expansion due either to mesangial
contractile insufficiency or to disruption of mesangial cell-GBM
connections.
Dramatic pathologic changes in glomerular tuft architecture
have been observed in the isolated perfused kidney [5]. In the
present study, we examined the IPK as a model in which to
study some of the mechanical implications of mesangial insuf-
ficiency which may be relevant to renal pathology. The above-
described biomechanical model of mesangial cell-GBM interac-
tions has led us to interpret the structural changes seen after
isolated perfusion as consequences of acute mesangial failure.
Methods and materials
In the present study, male Sprague-Dawley rats (160 to 180 g
body wt) were used. The rats were anesthetized with pentobar-
bital (50 mg/kg body wt, i.p.) and the right kidney was isolated
and connected to a perfusion apparatus as described elsewhere
[6]. The perfusate was an oxygenated erythrocyte-free, modi-
fied Krebs-Henseleit solution containing hydroxethyl starch
(Fresenius, Oberursel, Germany; 35 g/liter) and bovine serum
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Table 1. Summary of protocols
Group
1
2
3
4
5
Pressure Duration Vasodilator N
lOSmmHg
65mm Hg
65mmHg
105 mm Hg
105 mm Hg
2mm
100 mm
100mm
100 mm
100 mm
—
—
+
—
+
2
1
2
2
1
albumin (25 g/liter) as colloid components (for precise compo-
sition, see [7]). The kidneys were perfused at different pressures
and for different periods of time. Five different protocols were
chosen for morphometric examination. Kidneys were perfused
for 100 minutes at a constant pressure of either 65 mm Hg or 105
mm Hg. In one or two rats at each perfusion pressure, the
vasodilators acetylcholine (10—s mollliter) or hydralazine (10
mol/liter) were added to the perfusate. In two more rats,
perfusion was carried out at 105 mm Hg for two minutes
(controls). The protocols are indicated in Table 1.
After isolated perfusion, the kidneys were fixed by perfusion
for 10 minutes at the same perfusion pressure with a solution of
1.5% glutaraldehyde in 0.09% cacodylate buffer (340 mOsm, pH
7.3). The fixed kidneys were embedded in Epon and processed
for either light or transmission microscopy by standard meth-
ods. Ultrathin sections were examined with a Philips 301
microscope; 0.5 m sections were examined with a Zeiss
microscope connected to a video camera (CCD, Ikegami).
Morphometric measurements were carried out on electron
micrographs of six superficial or midcortical glomeruli in each
group. Area and volume ratio estimators for various glomerular
components (relative to a reference volume consisting of a
minimum polyhedron inscribing the glomerular tuft) were de-
termined in the micrographs (final magnification x 2450) using a
semi-automatic image analysis system (VIDS IV, Analysis
Measuring Systems, Cambridge, UK) as previously described
[8]. In addition, the areas of the minimal polygons inscribing
glomerular tufts were determined in 60 randomly chosen gb-
merular tuft profiles in the 0.5 jm sections directly from the
video monitor using the same image analysis system (final
magnification x 1000). Six independent estimates of the mean
tuft polyhedral volume were then calculated from the averages
often polygonal tuft areas each using the standard formula: V =
(f3Ik)*A312, where p = 1.38 represents the shape coefficient for
spheres and k = 1.1 is a distribution coefficient [91. Within the
five groups, each of the six area or volume ratio estimates was
multiplied by a different estimate of the mean polyhedral tuft
volume to calculate absolute glomerular volumes and areas for
the different features.
Results are reported as mean standard deviation. Group
differences were assessed by one-way ANOVA followed by the
Scheffé multiple range test and by the two-way ANOVA (SPSS,
Chicago, Illinois, USA).
Results
The results of the present study may be subdivided into
descriptive (morphologic) observations and quantitative (mor-
phometric) measurements. These will be described separately.
Morphology
The changes in tuft morphology may be categorized as mild,
moderate or severe. Mild changes develop very rapidly after the
onset of isolated perfusion (as seen in Group I). After one or
two hours of high pressure perfusion, these develop into much
more severe changes. The injuries seen after low pressure
perfusion are more moderate, characterized by considerable
heterogeneity of severity within the tuft.
The mild changes are not apparent at low power magnifica-
tions. Tuft overviews appear nearly normal (Fig. la). The
changes seen include the appearance of numerous small fluid-
filled spaces within the mesangium (Fig. 2). Mesangial cell-
GBM attachments are in general well preserved, although the
mesangial-capillary interface is somewhat widened from its
normal "slim" configuration. The perimesangial GBM has lost
some of its usually numerous infoldings and thus appears
smoother than normal. Some mesangial cell processes exhibit a
"stretched out" appearance and may contain less prominent
microfilament bundles than usual (Fig. 2).
Moderate changes include the enlargement of both capillary
loops and the mesangium. More pronounced ultrastructural
changes are also seen (Fig. 3). Fluid-filled spaces are greatly
increased in size and, in most areas, only small patches of
disorganized matrix material are found, including collections of
disconnected microfibrils. These lie mostly in the periphery of
the fluid-filled spaces or between mesangial cell processes.
Many mesangial cell processes have lost their GBM connec-
tions. The GBM has become partly "unfolded," with more
numerous local outpocketings and an overall expanded appear-
ance. In addition, the mesangial-capillary interface has widened
further; some capillaries even appear to have been incorporated
into the mesangium and to have lost their usual relationship to
the GBM.
Severe changes are seen with the high-pressure perfusion
protocols. Most prominent among the changes is the presence
of massively dilated and distorted capillaries (Figs. ib, 4a and
5). The mesangial region has, in fact, a somewhat less expanded
appearance than in the low pressure groups (Fig. 4B). Mesan-
gial cell processes—detached from their GBM anchoring
points—are locally retracted and stack up around the mesangial
cell body (Fig. 6). Disorganized bundles of microfibrils are
found in between cell processes. The GBM has lost most of its
infoldings in the perimesangial region. Even at this severe
stage, mesangial cell injury or necrosis is not seen, in contrast
to the extensive damage which may be seen in cells of the thick
ascending limb after comparable periods of isolated perfusion
[10].
In spite of these dramatic changes in mesangial and capillary
architecture, the three layers of the filtration barrier remain
remarkably intact (Figs. 4 and 5). The podocytes are structur-
ally intact and not detached from the GBM. Even in giant
capillary loops, a continuous endothelium and a normal pattern
of podocyte foot process interdigitation is maintained. Only
rarely is a focal breakdown of the endothelium seen in the high
perfusion-pressure groups (IV, V).
Morphometry
The results of the morphometric measurements are shown in
Table 2. Tuft and capillary lumen volumes were increased
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Fig. 1. Glornerular profiles from 2 isolated
perfused kidneys, (a) after short perfusion (2
mm, 105 mm Hg) and (b) after long perfusion
(100 mm, 105 mm Hg, + vasodilators). (a)
The glomerular tuft appears structurally
intact. It contains small fairly uniform
capillary profiles. At some sites, fluid-filled
spaces within the mesangial region are seen
(arrows). (b) The glomerular tuft is larger
compared to (a). It contains several giant
capillary profiles (stars). The mesangium is
not particularly prominent; some fluid-filled
spaces are seen (arrows). Some capillaries are
almost totally surrounded by the mesangiuni
(triangles). Bowman's space (BS) is much
smaller in (b) than in (a). AA, afferent
arteriole. (a) and (b) Transmission electron
micrographs (TEM), >< —8OO.
compared to Group I in the high perfusion-pressure groups IV centripetal retraction of detached mesangial cell processes into
and V; the low perfusion-pressure group which received vasodi- a more compact mass.
lators (III) showed a small rise which did not reach statistical The pericapillary GBM area was increased in the high pres-
significance. The mesangial volume showed a tendency to sure groups (IV, V), a situation also reflected in increases in the
increase in Groups III and IV, but not in Group V. This latter total GBM area. Endothelial surface area was also increased in
may reflect the widespread loss of matrix material and the the high pressure groups. Changes in perimesangial GBM area
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Fig. 2. Mesangial areas from kidneys perfused for either 2 mm (a) or 10 mm (b)—both at 105 mm Hg. (a) Mesangial center with three capillaries(1—3). Few fluid-filled spaces (stars) are found in the mesangial matrix between the slender, "stretched out" mesangial cell processes.
Microfilaments are prominent within these mesangial cell processes (arrows). (b) Mesangial center surrounded by 5 capillaries (1—5). The
mesangium contains numerous and fairly large fluid-filled spaces (stars). Microfilaments are less prominent within the cell processes (arrows) than
in (a). Many of the processes are irregular in shape and appear to float freely; others appear to be stretched out. TEMs (a) x —5400, (b) )< —11400.
were variable. The mesangial-capillary interface area, like total
tuft volume and capillary volume, tended to increase in Groups
IV and V, and less so in Group III, but these differences did not
reach statistical significance.
The morphometric data were also analyzed by two-way
ANOVA to examine perfusion pressure and vasodilator treat-
ment as separate factors (as well as their possible interactions).
In the case of main effects, only perfusion pressure had a
significant effect on capillary volume, pericapillary GBM area,
and endothelial surface area.
Interpretationldiscussion
In our opinion a number of the structural features of the IPK
model can best be clarified when the glomerular tuft is consid-
ered as an integrated biomechanical unit [2]. The principal
findings of this study suggest that acute decreases in mesangial
function lead to a loss of normal glomerular tuft architecture
and an increase in pericapillary GBM area.
Structural changes in the IPK probably result from the direct
effects of isolated perfusion on mesangial elements. The per-
fusate in these experiments is clearly non-physiologic in several
respects [7]. It contains no erythrocytes. It contains none of the
hormones which may modulate mesangial cell contractility. Its
colloid component is made up partly of BSA and partly of HES,
a large heterogenous modified polysaccharide. Flow of this fluid
into the mesangial region may readily be expected to alter
mesangial matrix composition and probably mesangial cell
function.
Fig. 3. Mesangial area and associated capillaries (1-4) from a kidney
per/used at lou pressure (65 nun Hg. 100 izziti. Fin 'asadila tars).
Fluid-filled spaces within the mesangial matrix (stars) have largely
coalesced: the endotheliurn has in part separaled from the GBM (double
stars). Many of the rnesangial cell processes have lost their anchoring in
the GBM. at other places mesangial cell-GBM connections appear
intact (arrowheads). Disorganized bundles of extracellular microfibrils
(arrows) are irregularly distributed in the mesangium. The endothelium-
mesangiurn interfaces are widened. TEM. x —5800.
— r' -t
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Fig. 4. Area of distorted glomerular tuft from a kidney perfused at high
pressure (105 mm Hg, /00 mm, no vasodilators). A massively dilated
capillary is seen. The corresponding mesangium is found in an unusual
position, protruding into the vascular channel. The endothelium and the
layer of podocytes are structurally intact. (b) Enlargement of the
mesangial area shown in (a) above. Even if some fluid-filled spaces are
seen (stars), the mesangium appears condensed compared to Fig. 3.
Mesangial cell processes are stacked up (arrows). Disorganized matrix
material is also seen (arrowheads). Towards the capillary lumen, the
mesangial area is covered by a continuous endothelial layer (E). TEMs
(a) x —2.3OO, (b) x -4.4OO.
The structural changes we observed in the glomerulus of the
IPK represent a continuum of levels of mesangial injury. The
first level, already seen in control (Group I) glomeruli, includes
the appearance of numerous fluid-filled spaces in the mesangial
matrix. The appearance of fluid-filled spaces clearly reflects a
decrease in the stability of the mesangial matrix. In the least
severe stages (Group I), the structural stability of the mesangial
cell and its connections to the GBM do not seem to be affected.
In the more severely affected groups, the degree of mesangial
matrix disruption increases and is accompanied by increasingly
severe pathological changes in the mesangium and the mesan- mesangial cell processes as well as the loss of GBM infolding
gial cell-GBM connections. and generalized expansion of the capillaries. It should be noted
The existence of contractile insufficiency of the mesangial that insufficiency is a concept that is relative to the magnitude of
cells was suggested by the "stretched out" appearance of the the challenge which a contractile cell faces: mesangial failure
Fig. 5. Aica of c/waned glo,nendur tuft from a kidney peifusedur high
pi-essure (105 'urn Hg. 100 miii. no iusoddarors). An abnormally shaped
giant capillary channel is seen which may have emerged from the
simplification of a complex capillary bifurcation. Note the multiple
appositions (arrows) of (his dilated capillary to Bowman's capsule (BC).
The mesangial area (M) contains numerous cell processes separated by
fluidlilled spaces. TEM x 2OOO.
could reflect a distending pressure which exceeds the cell's
normal limits or. equally, a diminution of the normal contractile
capacity of the mesangial cell (due to paralysis or cell injury).
Although qualitative ultrastructural observations suggested
H
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that even isolated perfusion at low pressures can cause signif-
icant pathologic changes (Group II), the morphometric analysis
did not reflect significant changes in the absence of vasodilators
at low perfusion pressures. This probably reflects the consider-
able heterogeneity in even normal glomerular structure. In the
face of a large variance in the quantitative measures of glomer-
ular structure, the number of animals/glomeruli examined was
too small to show a consistent difference. Although in the
morphometric analysis there was a tendency for the structural
changes to be more severe in the presence of vasodilators
(Table 2), which probably act to decrease the contractile
Fig. 6. Distorted mesangial area from a kidney after high pressure
perfusion (105 mm Hg, 100 mm, no vasodilators). The mesangium is made
up of three mesangial cells (1—3) surrounded by numerous irregularly
shaped mesangial cell processes. The mesangial area has widespread
contact to the capillary endothelium and less so to the GBM. The enlarged
view in (b) shows the accumulation of detached mesangial cell processes
separated by fluid-filled spaces. Disorganized bundles of matrix fibrils are
seen (stars). TEMs, (a) X -—2.500, (b) X —7.200.
capacity of the mesangial cells, perfusion pressure was clearly
a much more important factor. This suggests that in the isolated
perfused kidney, baseline mesangial contractility is already
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Table 2. Absolute sizes of components of the glomerular tuft in the isolated perfused kidney
Group 1 Group 2 Group 3 Group 4 Group 5
Perfusion protocol
Vasodilation
Pressure mm Hg
Duration mm
(—)
105
2
(—)
65
100
(+)
65
100
(—)
105
100
(+)
105
100
Absolute estimations
Volumes 1O sm3
GBM-included space
Capillary
Mesangium
596 124
465 98
132 29
585 119
457 97
128 38
668 63
508 58
167 23
861 109
712 96cd.a
149 23
938
806
132 39
Areas io /.un2
GBM surface
Endothelial surface
Pericapillary GBM
Perimesangial GBM
Cap-mes interface
220 27
212 40
157 27
58 7
56 14
176 28
189 29
132 22
45 13
57 12
205 16
229 25
153 14
52 13
76 18
261 40
287 44l
204 36b
57 8
83 8
263 33
330 30
239
48 8
91 35
a Different from 1, P < 0.05b Different from 2, P < 0.05
Different from 3, P < 0.05d Different from 1, P < 0.01
Different from 2, P < 0.01
Different from 3, P < 0.01
severely affected and damage may be exacerbated more by
increasing the contractile challenge to the mesangial cells than
by decreasing (further) their contractile capacity. An unex-
pected finding was the large increase in pericapillary GBM
surface area. The lack of a commensurate decrease in perime-
sangial GBM area suggests that this cannot be explained simply
as a redistribution of GBM. The apparent distensibility of
pericapillary GBM which this suggests may have important
consequences for the normal and deranged function of the
glomerulus.
The end result of acute mesangial failure is an unfolding and
simplification of the otherwise tightly folded, complex structure
of the glomerular tuft. For example, if the mesangial cell-GBM
connections at the mesangial angles along the inside curve of a
loop of capillary are dissolved, the mesangial cell processes will
tend to retract toward the center of curvature of the loop
(centripetal rearrangement); the capillary lumen will also ex-
pand 'inward", leading to a bulge (Fig. 7a). As the unfolding
process worsens, the mesangial and capillary compartments
even tend to merge into one another. Failure at the level of a
single capillary loop, on the other hand, will not lead to the
appearance of giant vascular channels, as seen in this model
(Figs. 4 and 5). For this to occur, the process has to spread to
neighboring capillary loops, as depicted in Figures 7b and c.
One example would be for mesangial failure to occur at a
branch point of capillary segments (Fig. 7c). This process is
frequently seen in the primary branches of the afferent arteriole.
As in the case of the single ioop, such structural changes are
characterized by capillary expansion and a centripetal rear-
rangement of the mesangial cell and its processes. Both the
increase in capillary size and the change in the topographic
relation of the mesangial cell to the capillary would seem to
favor spreading of this process over adjacent capillary loops, as
increased wall tension and a loss of normal anchoring points
compromise the ability of the mesangial cell to stably support
its other local pericapillary and perimesangial GBM attach-
ments.
Similar mechanisms may underlie the formation of microan-
eurysms, as seen in Habu venom-induced mesangiolysis [4, 11]
as well as in other experimental models of glomerular injury
[12]. The lesions described in the present study might even be
regarded as probable precursors of microaneurysms. Neverthe-
less, significant differences between the lesions seen in the
isolated perfused kidney and those found in mesangiolysis must
be kept in mind. In particular, in the present model mesangial
cell injury seems to be rare or non-existent; instead, functional
failure is the result of mesangial cell contractile insufficiency
and a loss of GBM attachments. In addition, pivotal to the
formation of the large blood cysts which occur in models
characterized by mesangiolysis (but not seen in the isolated
perfused kidney) is a disruption of the endothelial layer, a
topological requirement for capillary coalescence. The capillary
thrombus which would result from disruption of the endothelial
cell layer has been hypothesized to undergo organization and
eventually lead to segmental collapse and sclerosis [12, 13]. As
long as the endothelium remains intact, the likelihood of seg-
mental sclerosis developing via such a thrombotic mechanism
seems quite small.
On the other hand, locally dilated capillary channels (similar
in appearance to those described in this study) are seen in a
variety of experimental models associated with the develop-
ment of glomerular sclerosis [12, 14, 15]. It is likely that the
transient nature of some of the early lesions associated with
mesangial failure has led to a lack of appreciation of their
pathogenetic significance in the evolution of more severe, later
stages of glomerular injury. The possible importance of local
capillary expansion itself in the evolution of focal sclerosis has
been the subject of recent studies in our laboratory [16, 17].
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Fig. 7. Schematic diagrams to show the process ofcapillary expansion subsequent to a dissolution of mesangial cell/GBMconnections along the
inside curve of capillaries (broken lines); mesangial cells are not depicted in these drawings. (a) depicts the transformation of a capillary loop (al)
via local bulging of this loop (a2) into an expanded capillary (a3). (b) depicts the development of an enlarged simplified vascular channel (b3) from
a more complex, undulating capillary segment (bl). (c) depicts the evolution of a branching capillary pattern (cl) into a dilated vascular channel
(c2).
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